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In this study, novel adsorbents were prepared, characterized and investigated for adsorption of gadolinium as
one of rare earth elements. The first adsorbent is rice husk ash (RHA), the second is poly(acrylamide/acrylic
acid/sodium styrene sulfonate) resin (P), the third and fourth adsorbents were the prepared resin grafted on
the surface of the silica powder (poly(acrylamide/acrylic acid/sodium styrene sulfonate/silica powder) (P-SP)
and gel form (poly(acrylamide/acrylic acid/sodium styrene sulfonate/silica in gel form) (P-SG) extracted from
the first adsorbent (RHA) using alkaline treatment. These grafted resins as novel adsorbents were prepared by
60Co gamma-rays irradiation of 25 kGy. Characterization of the new prepared adsorbents were investigated;
swelling kinetics, ash content, FTIR, TGA & DTA, BET surface area and their ability for adsorption of some organic
compound (Methylene Blue and P-Nitro-phenol from aqueous solution. It was found that: the swelling ratios
take the following order: 28.55, 24.08 and 20.46% for P-SG, P and P-SP, respectively. The P-SP has the highest
value of ash content 9.5%, and the BET surface areas were 8.5, 4.3 and 2.815m2/g for P-SG, P-SP and P, respective-
ly. For the adsorption of MB, the maximum capacity (qm) was 277, 171.5 and 174.2 (mg/g), but for adsorption of
P-NP it was 51.1, 38.6 and 52.99 (mg/g) for P, P-SP and P-SG. Finally, the new prepared four adsorbents were in-
vestigated for adsorption of Gd(III). The results showed high adsorption capacity; 229.36, 206.61, 184.84 and
133.33 for P-SG, P-SP, P and RHA, respectively. From this study we can conclude that the prepared four adsor-
bents can be used for sorption of Gd(III) as well as some organic compounds from aqueous solution.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Withmore andmorewidespread use of rare earths (REs) in a variety
of fields, drastically growing RE have been released into the environ-
ment and exposed to humans over the past three decades. Aqueous so-
lution containing Gd(III) ion, even at trace level, is believed to be a risk
for human beings for example, about 100 μMGd(III) may cause prolifer-
ation of human cervical carcinoma cells–HeLa cells and destroy the
human primary peripheral lymphocytes, pneumocyte, etc. [1]. Gd(III)
is one of lanthanide elements that are considered as fission products.
It is utilized in control rods for nuclear reactors and nuclear power
plants and is effective for usewith neutron radiography and in shielding
of nuclear reactors. Due to its high toxicity, highly efficient enrichment
of Gd(III) aswell as its removal fromaqueous solutions is of extreme im-
portance. Also, its removal or recovery is ofmost important in treatment
of radioactive wastes because lanthanides are important fission product
produced from irradiated nuclear fuel [2]. Numerous techniques for re-
moval of RE ions from water have been proposed, including adsorption
[3–6], ion exchange, liquid − liquid extraction, chemical precipitation
bo Eldahab).
and membrane separation [7,8], etc. Among these methods, adsorption
technique turns out to be a favorable and feasible approach for separa-
tion of RE and heavy metal ions owing to its simplicity, low cost and
high efficiency [9–31]. In the adsorption technique different adsorbent
materials are used. These materials include: activated carbon, ion ex-
change (organic and inorganic) resin, natural and synthetic materials
and polymer.

Polymers can be prepared using chemical, thermal and ionizing radi-
ation as an initiator. High energy ionizing radiation, like gamma rays has
been used as an initiator to prepare different kinds of adsorbent mate-
rials [32]. The Radiation-Induced Graft Copolymerization (RIGC) as a
method used for modification of polymeric materials has been broadly
used over recent years. A great deal of work has been done during last
decades to develop it. The purpose of RIGC is obtaining biocompatible
polymericmaterials for removal and separation of appreciatemetals. Si-
multaneous irradiation method is a simple technique for preparation of
graft copolymers. In this method the polymer backbone formed by irra-
diation of monomers [32–33]. Graft copolymerization initiated by
gamma irradiation may be one of the most effective than conventional
copolymerization method because it is easy to create radical sites on
the polymer matrix and to bring in various functional groups onto
these sites. Polymerization possesses potential to simplify the grafting
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process and reduce the cost of production as no catalysts or additives
are needed to initiate the reaction. So, it has many advantages over
other conventional methods [34–35].

Graft copolymerization is a method of addition of new and desirable
properties to silica without drastically affecting its basic properties.
Grafting is known to improve the characteristic properties of the back-
bones. Large number of studies has been reported for the graft copoly-
merization of poly acryl amide onto silica obtained from rice husk ash
[36–37]. Rice husk is an agricultural residue available abundantly in
rice producing countries. It is a by-product of the rice milling industry.
This by-product consists of 35% cellulose, 25% hemicelluloses, 20% lig-
nin, and 14–25% ash which contains about 94% silica by weight [37].
The burningprocess often causes serious domestic and international en-
vironmental problem, so it is very important to solve the problem of
smoke and waste produced. Rice husk can be converted into valuable
products which can be used for several applications in industry [38]. It
is one of themost silica rich rawmaterials containing about 80–89% sil-
ica. Silica is an inexpensive and polymorphs material [39].

The aim of thiswork is to investigate the RIGC ofmonomers onto the
surface of silica prepared from rice husk ash in two forms: powder and
gel form. Synthetic polymers were characterized using different tech-
niques and investigated for adsorption of some organic compounds
and Gd(III) from aqueous solution. Consequently, studying the possibil-
ity of prepared adsorbentmaterials to be used for treatment of different
types of liquid wastes.

2. Materials and methods

2.1. Chemicals and reagents

All chemicals and reagents used were of analytical grade purity and
used without further purification.

2.2. Preparation of gadolinium solution

Gadolinium nitrate (Sigma) stock solution of 1000 ppm was pre-
pared directly by dissolving a calculated weight in double distilled
water. The sample was transferred to a measuring flask (250 ml) and
the volumewas adjusted. The concentration of gadolinium ionswas de-
termined spectrophotometrically by Arsenazo (III) (Fluka) method [40]
using a Shimadzu model 1601 double-beam UV spectrophotometer.

2.3. Extraction of silica from rice husk ash

Rice husk ash (RHA) was prepared by carbonization of Rice Husk
(RH) at 550 °C for 1.5 h. For extraction of the silica the RHA was stirred
with a solution of concentration 4% KOH (Sigma) at a weight ratio of
1:10 (g/ml) RHA to solution and heated to boiling for 1 h. The mixture
was left overnight, filtered and washed twice with distilled water at a
ratio of 1:8. Addition of 10% HCl (ADWIC-Egypt) to the filtrate, until
the pH of the solution reached 5–7, to precipitate the silica gel. The ob-
tained silica was used in two forms: the first is as it is in the wet form
(gel form), and the second is used after drying (powder form) in an
oven at 110 °C for sufficient time till constant weight to produce silica
powder [21]. Sample of the carbonized Rice husk ash (RHA) was used
as one of the adsorbents under our study without any treatment.

2.4. Preparation of polymer and grafted copolymers

2.4.1. Preparation of polymer [P]
Poly acrylamide (PAM)-acrylic acid (AAc)-sodium styrene sulfonate

(SSS) polymer (PAM-AAc-SSS) was synthesized by polymerization of
PAAM with AAc and SSS as monomers and N,N′ methylene
bisacrylamide (NMBA) as crosslinking agent. This polymer was pre-
pared by using free radical polymerization. Herein, we have been used
gamma ray in the preparation of this polymer. Depending on a previous
work [41], the optimumsynthetic conditionswere as follow: AAc10mL,
PAM 3.3 g, SSS 0.5 g and cross linking agent 0.010 g.

All components were mixed in glass tubes and subjected to 60Co
gamma-rays irradiation of 25 kGy. After irradiation, the obtained
grafted copolymers was cut into small pieces and washed by acetone
for removal of excess of unreactedmonomers [41], washedwith double
distilled water and dried in an oven at 80 °C.

2.4.2. Preparation of copolymer grafted on silica surface (powder and gel);
(P-SP and P-SG)

Grafting copolymerization reactions were carried out by the addi-
tion of silica to different monomers as mentioned in the above section.
After dissolving 0.6 g of the extracted silica powder in distilled water
with addition of drop of sodium hydroxide, it was added to themixture
of PAm/AAc/SSS. In another tube, 6.6 g of silica gel to the mixture of
PAm/AAc/SSS. The final mixture of each tubewas taken under intensive
steering in de-oxygenatedwater and then exposed to gamma ray irradi-
ation of 25 kGy. The obtained grafted copolymerswerewashedwith ac-
etone in order to remove residual monomer then grafted copolymers
were dried at 80 °C [124].

2.5. Characterization of the new prepared adsorbents

2.5.1. Fourier transforms infrared spectroscopy (FTIR)
FTIR spectra of the prepared adsorbents were recorded to identify

the functional groups using the KBr diskmethod. In this concern, the ad-
sorbent sample was thoroughly mixed with KBr as a matrix. The disk
formed was examined in FTIR spectrophotometer in the range from
4000 to 400 cm−1 at Ain Shams University.

2.5.2. Scanning Electron Microscope (SEM)
The surfacemorphologywas determinedwith scanning electronmi-

croscopy (SEM) of the type Jeol 6510A Model, Japan. The morphology
and grain size of the particles were identified, operating with beams of
primary electrons 20 keV.

2.5.3. Swelling kinetics
To evaluate the swelling kinetics, the dried adsorbents was im-

mersed in water at pH 4, 7, 10 for 24 h at 25 °C. Swollen samples were
weighed by an electronic balance, after wiping the excess surface liquid
by filter paper. The swelling ratio (SR) was defined by following equa-
tion [21]:

SR ¼ Wt−Wdð Þ=Wd ð1Þ

whereWd is theweight (g) of the dried sample, andWt is theweight (g)
of the swollen sample, at time t.

2.5.4. BET surface area
The specific surface area, pore volume, and pore size distribution of

the prepared adsorbents were determined using nitrogen adsorption/
desorption isotherm at 77 K by Brunauer–Emmett–Teller (BET) equa-
tion on the Quantachrome Nova instrument, Model 184 Nova1000e se-
ries, USA. The analysis was done at Hot Laboratories Center, Egyptian
Atomic Energy Authority.

2.5.5. Thermal analysis
Thermo-gravimetric and differential thermal analyses (TGA/DTA).

Sample was heated in a platinum crucible from room temperature to
1000 °C. Simultaneous TGA/DTA was analyzed using a Shimadzu DTG-
60/60H thermal analyzer, Japan in Hot Laboratories Center, Egyptian
Atomic Energy Authority.

2.5.6. Elemental analysis
The elemental analysis of carbon (C), hydrogen (H), nitrogen (N) and

oxygen contents of prepared adsorbents were analyzed using a CHNS



Table 1
Effect of adsorbent type on the % removal of Gd(III).

No. Adsorbent % removal of Gd(III)

1 Rice husk (RH) 24.64
2 Rice husk ash (RHA) 93.94
3 Desilicated Rice husk ash 72.08
4 Silica in gel form (SG) 32.7
5 Silica in powder form (SP) 100
6 P(polyAAm-AcA-SSS) (P) 100
7 Poly (PAM/AAc/SSS/silica powder) (P-SP) 100
8 Poly (PAM/AAc/SSS/silica gel) (P-SG) 100

Experimental condition [V=15ml,m=0.03 g, T=25 °C, C0=100mg l−1, Time=24 h,
pH= 5.5].
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analyzer (Perkin Elmer Series II 2400 in Hot Laboratories Center, Egyptian
Atomic Energy Authority). Prior to the CHNS analysis, the adsorbent sam-
ple was dried overnight at about 110 °C and cooled in desiccators.

2.6. Sorption from solution

The different prepared adsorbents were tested for their feasibility to
adsorbMB, P-NP and Gd(III). A known volume and concentration of ad-
sorbate was mixed with known weight of each sample of the prepared
adsorbents and shacked at room temperature for 4.5 h. The residual
concentration of each solution was measured. The uptake of each sam-
ple was measured using the following equation:

Uptake ¼ Co−Ceð Þ � V=mð Þ mg=gð Þ ð2Þ

where, Co and Ce are initial and final concentrations of adsorbate, V is
the volume of adsorbate solution (L) and m is adsorbent weight (g)
and % removal was calculated from the following equation:

%Removal ¼ Co−Ceð Þ=Co � 100 ð3Þ

3. Results and discussions

3.1. Adsorption of gadolinium (Gd(III)) from aqueous solution

The efficiency of all the prepared adsorbents was examined for ad-
sorption of gadolinium. Each adsorbent has a significant efficiency for
adsorption of gadolinium as shown in Table 1. The results obtained indi-
cated that Rice Husk (RH) as a raw material has lower % removal than
carbonized Rice Husk (RHA). Silica powder which prepared from rice
husk Ash and used in preparation of copolymer shows a high efficiency
for adsorption of Gd(III), but this high capacity is due to the high pH of
the silica powder solution (pH 8.5) and Gd(III) ions precipitated above
Fig. 1. (a, b) FTIR spectra of RHA before and after adsorption of Gd(III).
pH 6.5. Therefore; rice husk, desilicated rice husk ash and silica in gel
and powder form as adsorbents were excluded in this study. The two
types of prepared copolymer [P-SP,P-SG]which have the same structure
of the polymer but the difference is in addition of the extracted silica gel
and silica powder to form grafted copolymer, shows higher efficiency
for removal of gadolinium at low pH than RH and RHA.

Therefore, in the present study rice husk ash (RHA), polymer (P) and
grafted copolymer on the surface of the silica (P-SP and P-SG) were se-
lected from eight prepared samples (Table 1) to be used as an adsor-
bent. The characterizations of the four synthetic new adsorbents were
discussed and feasibility of using such polymeric materials for adsorp-
tion of gadolinium was investigated.

3.2. Characterization of the different prepared adsorbents

3.2.1. FTIR analysis
Fig. 1 shows the FTIR spectra of rice husk ash (RHA) before and after

sorption of Gd(III), respectively. The peaks between 800 and 459 cm−1

of RHA suggest the presence of Si\\H bonds. The presence of Si\\O\\Si
groups is indicated by the peaks at 1100 cm−1. The peak at 1386 cm−1

is due to the bending of C\\H groups and the peak at 1636.2 cm−1 is
possibly related to the bending mode of adsorbed water molecule [42,
43]. The stretching frequency of NC_ O carbonyl was observed by the
absorption peak at 1650 cm−1 [44]. Bonded-OH stretching and the
C\\ H stretching from CH2 groups were observed at 2925.3 cm−1.
Stretching OH band region at 3424.8 cm−1, is due to the silanol group
(\\SiOH) and to the water adsorbed on the surface. In comparison of
the Fig. 1(b) with the data which expressed in Fig. 1a exhibit the forma-
tion of (SiO-M) and Fig. 1b shows that broad band 3326 cm−1, this band
may due to the silanol group (SiOH) and to the water adsorbed on the
surface. Lowering may be due to formation of (SiO-M) for Gd(III)
metal ion and interaction with silica gel between 1191 and 612. The
band at 466 cm−1 may be due to metal oxide [45].

FTIR spectrum of P polymer is presented in Fig. 2. The absorption
peaks at 1036.9 cm−1 and1201.6 cm−1 represent symmetric and asym-
metric stretching in O_ S_ O [42]. The beak at 1460 cm−1 may be due
to the carboxyl\\COOH groups of acrylic acid, the peak appears at
834.8 cm−1 indicates the presence of aromatic SP2 C\\H bending
which belong to para disubstituted aromatic. The peak at 671.1 cm−1

confirms the presence of\\S\\O stretching bond, those at 1728 and
1661 cm−1 to ν(C_ O) of acrylic acid and acrylamide units, respective-
ly. In addition to the previous data in Fig. 2a, there are newbands appear
due to grafting on the surface of silica (powder or gel form). Figs. 2a
and 3 (a) contain the band at 3434.1 cm−1 is due to\\OH stretching
of carboxylic group overlapped with the\\OH of silanol groups Si\\OH
on the surface of the silica in Figs.s 3 and 4 [43]. The broad band at
2361 cm−1 implies inter-molecular hydrogen bonding between
Fig. 2. (a, b): FTIR spectra of polymer (P) before and after adsorption of Gd(III).



Fig. 3. (a, b): FTIR spectra of copolymer (P-SP) before and after sorption of Gd(III).
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sulfonic acid and amide group [44]. The strong absorption band around
3434.1 cm−1 is attributed to the stretching of hydrogen-bonded hy-
droxyl groups (\\OH) and amide groups.

Fig. 2b, 3b and Fig. 4b show that the difference ofmetal (Gd) - loaded
polymer from the prepared polymer, the disappearance of absorption
band of carboxylate (\\COO). A new band at 407 cm−1 is present in
the spectrum of P(AAm-AA-SSS)-M complex, which corresponds to
\\O\\M\\O\\stretching [46] on the other hand the lower of intensities
of all absorption band. The disappearance of carboxylate at 1542 cm−1.
Appearance of band at 1644 cm−1 may be due to interaction of
(\\C_ O) of acrylic acid with gadolinium ions. Splitting of the band at
2350 cm−1 may be due to interaction of (\\SO3H) of SSS to form
(\\SO3-M). The band at 473 cm−1 may be due to formation of
P(AAm-AA-SSS-silica in powder form)-M complex. The intensity of
the band at 2928 cm−1 may be due to silanol group interaction with
the metal ions [46]. Fig. 2(b) shows that the intensity of carboxylic
groups increased, this may be due to release of (\\OH) and form com-
plex with P polymer. It may form a complex with amide group, carbox-
ylate as this band (1542 cm−1) and sulfonate group (SO3H) at 1122,
1066, 1036 cm−1.

Fig. 3b shows that the splitting of the band of 2925 cm−1 indicating
interaction of (CONH2) of poly acrylamide, (C_ N) or COOH) with M.
The intensity of 2360 and 2339 cm−1 decreased, this may be due to for-
mation of (\\SO3-M). Shifting of the band responsible for carboxylate to
form (\\COO-M) at 1558 cm−1. The beak was shifted from 1734 to
1728 cm−1 and this may be due to interaction of (\\C_ O) with gado-
linium ions.
Fig. 4. (a, b) FTIR spectra of polymer (P-SG) before and after sorption of Gd(III).

Fig. 5. SEM of the new prepared adsorbentmaterials: (a) RHA, (c) P, (e) P-SP and (g) P-SG
before sorption of metal ions. b) RHA, (d) P, (f) P-SP and (h) P-SG after adsorption of
Gd(III) ions.
Appearance of band at 608 cm−1 and splitting of band to (672 and
582 cm−1) may be due to interaction of silica to form metal complex.
The appearance of new band at 407 cm−1 is present in the spectrum
of P(AAm-AA-SSS-silica in gel form)-Gd complex as shown in Fig. 2b,
which corresponds to\\O\\M\\O\\stretching [47]. The silanol group
of silica gel and silica powder play a role in increasing uptake of the
grafted copolymers.



Fig. 6. Swelling percent of the prepared copolymer at different pHs.

Table 3
BET surface area and pores properties of the prepared sorbent materials.

Sorbent
materials

BET surface area
(m2/g)

Total pore volume
(TPV) (cc/g)

Average pore diameter
(μm) (APR)

RHA 8.552 1.8 ∗ 10−2 42
P 2.815 4.7 ∗ 10−3 33.5
P-SP 4.3 6.3 ∗ 10−3 29
P-SG 8.5 2.4 ∗ 10−1 0.24
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3.2.2. Scanning electron microscopy (SEM)
Studies of the adsorbent's surface topography could provide impor-

tant information on the degree of interaction between the sorbent par-
ticles and the metal ion species. In order to identify the morphological
structures of the prepared sorbent after the preparation or modification
process [48], SEM images for the produced sorbent materials were in-
vestigated as shown in Fig. 5. The images of the produced sorbentmate-
rials displayed a well pronounced porosity, with a series of irregular
cavities distributed over the surface of all sorbent materials. Fig. 5(a),
shows the pores which scattered on the surface of RHA. Fig. 5(c, e, g)
shows the topography of P, P-SP and P-SG grafted copolymers. The
pores and cavities showed by SEM constitute the surface area of the pre-
pared sorbent which, in addition to functional groups, determines the
capacity of sorbent material toward the pollutants present in aqueous
solution [49]. Fig. 5(b) RHA shows a porous surface that metal ions in-
teract with it. Polymers of good capacities, illustrated in Fig. 5(d, f and
h) which showed that the copolymer have a porous structure appear-
ance on the surfaces. It is supposed that pores are the regions of water
permeation and interaction sites with the function groups of the copol-
ymers that react with gadolinium ions.

3.2.3. Swelling kinetics
The ratio of swelling is one of the most important parameters that

evaluating the properties of copolymers. Many structural factors such
as; the charge, concentration, pKa of the ionizable group, degree of ion-
ization, cross-linking density and hydrophilicity, influence the swelling
of polymers. Theproperties of the swellingmedium like the pH, temper-
ature, ionic strength, counter ion and its valence affect the swelling
characteristics [50]. The swelling ratio for the different prepared poly-
mers at different pH values of 4, 7 and 10 was investigated and shown
in Fig. 6 and Table 2.

The figure shows that the swelling of the polymers is affected by ad-
dition of silicawhere the addition of silica in gel form increases swelling
ratio. But the addition of silica in powder form leads to decrease it. The
swelling of polymers can be also affected by pH. The pH-responsive
swelling behavior is basically due to ionization of the functional groups
in the polymers [51], which changes on the pH of the surrounding
Table 2
The swelling ratio of the prepared grafted copolymers at different pHs.

Sorbent Swelling

pH = 4 pH = 7 pH = 10

P 28.708 24.081 29.208
P-SP 13.0215 20.464 14.052
P-SG 29.478 28.549 29.5135
media from neutral to acid or base. P-SG still has the highest swelling
in all medium indicating the suitability of this polymer for using in sep-
aration or treatment in all pH ranges, P-SG N P N P-SP.

3.2.4. BET surface area and porosity
Surface area and pore volume of the sorbent materials are factors

which the sorption is greatly depending on. The specific surface area de-
pends on particle size, particle shape and pores in the sorbentmaterials.
It is clear that all of these factors have been responsible for giving a larg-
er specific surface area to sorbent which in turn gives a large sorption
capacity [52]. The surface area of rice husk ash is investigated. From
Table 3, it was found that the surface area is 8.5 m2/g. From the IUPAC
classification of sorption isotherms, the isotherm of RHA is of types IV
with hysteresis and this indicates that RHA is mesopores (Fig. 7). Total
pore volume is 1.8 ∗ 10−2 cm3/g and majority of pore size distribution
is mesoporous in addition to microporous.

The grafting of the polymer P on the surface of the silica increases the
surface area from2.8 to 4.3 and 8.5 for P-SP andP-SG, respectively. Table 3
shows that the surface area and pore volume of the prepared adsorbent
materials are 2.815 and 4.3 for P and P-SP respectively. As silica facilitates
the intervention of the particles inside thematrix of the polymeric copol-
ymer which leading to increase the surface area. Polymer exhibits small
specific surface area and pore volume and showed the non-porous char-
acteristics and appreciable lowering of nitrogen sorption crystallinity, in-
dicated that the interaction of the polymer is chemical not physical
interaction [53]. The pore size distribution is few micro pores and
macroporous and the majority is mesopores with total pore volume
4.7 ∗ 10−3 cm3/g. P-SG has a high uptake (a large surface area and verity
in pores). P-SG isotherm showing the hysteresis of Type V indicates bottle
neck pores shape. P-SG has three types of pore size distribution
mesopores, microporous and a very little macroporous.

3.2.5. Thermal analysis (TGA and DTA)
Thermo-gravimetric analysis (TGA) and differential thermal analysis

(DTA) play a vital role in studying the composition and the properties of
anymaterials. TGA has been used in our study to investigate the decom-
position characteristics of different newprepared sorbentmaterials. The
TGA is themeasurement of theweight change of amaterial as a function
of temperature and time. The TGA-DTA curves of RHA sorbent which
used as a source of silica are shown in Fig. 8. The first stage multi-step
decomposition from 40 to 505 °C shows two endothermic peak at
64.28 and 223.34 °C which attributed to removal of all surface and ma-
trix-bound moisture [48]. The weight loss in this region is 18.6%. The
second stage from 505 to 850 °C exhibits a weight loss of 42.25%
which due to loss of constitutive water, volatile materials and carbon
combustion and become stable until 1000 °C. For poly(PAM/AAc/SSS)
(P) polymer, TGA-DTA curves are shown in Fig. 9.

It can be seen that, the first stage from 50 to 179 °C with an endo-
thermic peak at 74.69 °C exhibits a weight loss of 8.07% which due to
the removal of absorbed water molecules. The second stage from (179
to 508.7)°C with a maximum endothermic peaks at 261–424–461 °C
which exhibits a weight loss of 51.9% due to release of SO2, water and
NH3 [48]. This decomposition occurred through a cyclization process
with the removal of water molecules from two sulfonic, carboxylic (as
a result of anhydride decarboxylation) and amide groups, respectively.
The third stage from 508 to about 700 °C, shows exothermic peak at



Fig. 7. The adsorption isotherm of N2 and pore size distribution for RHA.
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537.6 °C, exhibits aweight loss of 28.4%which due to removal of volatile
hydrocarbons and complete degradation to the oxide form. TheTGA and
DTA curves for grafted copolymer poly (PAM/AAc/SSS/silica powder)
(P-SP) are shown in Fig. 10.
Fig. 8. DTA and TGA curves of RHA.
It is clear that thedegradation thermogramproceeds inmulti-stages.
The first stage from 53 to 302.5 °C with a maximum endothermic peak
at 241.9 °C exhibits a weight loss of 37.38% which due to removal of
physically absorbed water molecules [54]. The second stage from 300
Fig. 9. TGA and DTA curves of P polymer.



Fig. 10. TGA and DTA curves of P-SP.

Table 4
The ash content, density and elemental analysis for the prepared materials.

Adsorbent C % H % N% S % O % Ash content % Density

Apparent Packed

RHA 43.86 1.73 1.4 0.061 9.61 43.34 0.267 0.344
P 44.59 5.15 3.8 4.67 41.73 0.06 0.674 0.843
P-SP 44.59 5.19 2.87 3.49 34.36 9.5 0.926 1.019
P-SG 44.94 5.14 2.66 3.31 44.52 0.34 0.848 0.925
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to 559.7 °Cwith amaximumendothermic peak at 371.5–478 °C exhibits
a weight loss of 28.3% due to the decomposition of commoners and co-
ordinated and uncoordinated amide groups. The third stage from 559.7
to 1000 °C with a maximum peak at 792.5 °C exhibits a weight loss of
23.2%whichmay be due to removal of silica and process accompanying
by main chain scission, removal of volatile hydrocarbons and complete
degradation to the oxides form [54].

The TGA and DTA curves of dried sample of poly (PAM/AAc/SSS/sil-
ica gel) (P-SG) is shown in Fig. 11, The first stage of four step decompo-
sition started from 57 to 311 °C and shows the endothermic peak at
256.3 °C which attributed to removal of all surface and matrix-bound
moisture from the polymeric materials, the weight loss in this region
is 43.6%. The second stage from 311 to 581 °C exhibits a weight loss of
27.5% which due to the decomposition of amide groups [55]. This de-
composition was carried out through a cyclization process with the re-
moval of ammonia or water molecules from two amide and carboxylic
groups. The third stage from 581 to 1000 °C showing a weight loss of
24.44% due to silica oxide, SO2 and desulfonation of sulfonic acid and
process accompanying by main chain scission, removal of volatile hy-
drocarbons and complete degradation to the oxide form [54].
3.2.6. Elemental analysis
Qualitative and quantitative elemental analyses of the prepared sor-

bent materials were carried out by the conventional methods used for
lowmolecular weight compounds. Elemental analysis or determination
of functional groups is especially valuable for copolymers or chemically
modified polymers. Elemental analysis expressed in Table 4 illustrated
that, the (C, H, N, S, O) % composition of the prepared polymeric mate-
rials are present in different percentage. The presence of nitrogen indi-
cated the presence of amide group. The presence of sulfur indicated the
presence of (SO3H) in different percentages between the grafted
copolymers.
Fig. 11. DTA and TGA curves for P-SG.
3.2.7. Density
The bulk density of a powder is itsmass divided by the volume occu-

pied by the powder. The volume includes the spaces between particles
and volumes of the particles. Apparent density is defined as the mass
of a unit volume, including pores and spaces between particles. Packed
density of the material is the density of the powder when a fixed quan-
tity of adsorbent is tapped in a standard closed measuring cylinder till
the volume of the powder remains constant and does not decrease
with further tapings [56], Table 4.

The apparent and packed density of polymer increased in presence
of silica powder than in presence of silica in gel form. In all cases the ap-
parent and packed density of prepared polymers are higher than those
of the rice husk ash.

3.2.8. Ash content
Ash content of polymer P is low (0.06%) as it is prepared from organ-

ic material which decomposed at high temperature. The ash content in-
creases as the silica present in grafted copolymers increases. In presence
of silica as powder in P-SP polymer, ash content increases to (9.5%) due
to presence of silica as silicon oxide, Table 4.

3.2.9. Sorption of some organic compounds
Sorption from solution is considered one of the most important fac-

tors for determination of the capacity of the prepared new sorbent ma-
terials and its affinity to adsorb organic dyes as thewaste containsmetal
ions and organic materials such as dyes. Sorption of Methylene blue
(MB), P-nitro-phenol (P-NP), iodine and phenol number are used gen-
erally for characterization of sorbent materials. In our study, we will
concern with sorption of MB and P-NP for characterization of our new
prepared sorbent materials.

3.2.9.1. Adsorption of methylene blue (MB). As shown from Table 5, the
presence of silica in preparation of copolymers decreases the uptake of
MB dye. Generally, the obtained results indicated that the highest up-
take of MB is obtained by the prepared sorbent materials took the fol-
lowing order: P N P-SP N P-SG N RHA. According to data, grafted
copolymers were fitted to Langmuir isotherm model. And monolayer
capacities were 227, 171.5 and 174.2 of P, P-SP and P-SG respectively.
Separation factor (RL) is between 0 and 1, indicating favorable sorption
process. The n value in Freundlich equation of P, P-SP and P-SG was
found to be 2.26, 5.8 and 2.38. It may be due to a distribution of surface
sites or any factor that causes a decrease in sorbent-adsorbate
Table 5
Parameters of Langmuir and Freundlich isotherms for sorption of MB.

Isotherm
models

Isotherm
constants

Values for
RHA

Values
for P

Values for
P-SP

Values for
P-SG

Langmuir
constants

Q0 (mg/g)
b (l mg−1)
R2

RL

–
–
–
–

227
0.0499
0.9947
0.950

171.5
0.2247
0.9991
0.816

174.2
0.029
0.9935
0.029

Freundlich
constants

Kf

1/n
n
R2

1.25
1.0
1.0
1.0

26.3
0.442
2.26
0.94

73.6
0.17
5.88
0.98

17.8
0.42
2.38
0.97



Fig. 12. The effect of concentration on the sorption of Methylene blue. Fig. 13. Effect of P-NP concentration on the uptake of the prepared sorbent materials.
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interaction with increasing surface density (Fig. 12). The n value was in
the range of 1–10 representing good sorption of MB onto grafted copol-
ymers [57–60].

3.2.9.2. Sorption of Para-nitrophenol (P-NP). RHA is slightly basic so, the
uptake of P-NP onto RHA is higher than that of polymers
(RHA N P N P-SG N P-SP). The dissociation of function groups of RHA
gives (δ−ve) charge and P-NP is slightly acidic compound (has δ+ve
charge), leading to attraction force between RHA and this phenol deriv-
atives [61]. Data in Table 6 fitted with Langmuir isotherm as R2 are
0.986, 0.987, 0.998 and 0.995 for RHA, P, PSG, P-SP respectively. The RL
value was found to be 0.99, 0.984, 0.984 and 0.99 of RHA, P, P-SP and
P-SG respectively, indicating that the sorption of the adsorbate onto
prepared sorbents is favorable (Fig. 13) [58].

3.3. Sorption of Gd(III)

In this part, the sorption of gadolinium ions was tested experimen-
tally to investigate the sorption capacities of RHA, P, P-SP and P-SG
grafted copolymers. In addition, to investigate the role of silica added
to the prepared polymer on the sorption process of Gd(III) ions. Some
factors affecting the sorption of the Gd(III) ions are studied. These fac-
tors are; contact time, hydrogen ion concentration (pH) and metal
ions concentration.

3.3.1. Effect of shaking time
The contact time between the adsorbate and the adsorbent is of sig-

nificant importance in separation process [62–63]. In order to evaluate
the optimum contact time of sorption, effect of contact timewas evalu-
ated at different time intervals ranged from 15 min to 24 h, Fig. 14.

From this figure, it was found that the sorption of Gd(III) ions in-
creased with increasing the shaking time until a steady state is attained
after 4.5 h. At the initial stage, all the sorption sites are available and the
Gd(III) ions can interact easily with these sites. So a high sorption rate is
Table 6
Parameters of Langmuir and Freundlich isotherms for sorption of P-NP.

Isotherm
models

Isotherm
constants

Values for
RHA

Values
for P

Values for
P-SP

Values for
P-SG

Langmuir
constants

Q0 (mg/g)
b (l mg−1)
R2

RL

97.40
0.0087
0.986
0.991

51.10
0.0162
0.987
0.984

38.60
0.0163
0.998
0.984

53.0
0.01
0.995
0.990

Freundlich
constants

Kf

1/n
n
R2

2.8
0.588
1.70
0.97

3.6
0.455
2.198
0.927

3.75
0.389
2.57
0.980

2.68
0.494
2.02
0.976
obtained. Besides, the driving force for sorption is the concentration gra-
dient between the bulk solution and the solid-liquid interface, and the
concentration gradient is high in the initial period, which results in a
high sorption rate [64–65]. The obtained data indicated that no signifi-
cant change in the sorption is obtained after 4.5 h and this timewas se-
lected in the rest of the experimental work.

3.3.2. Effect of pH
The pH is one of the most important factor which influences solid

phase surface dissociation, solution chemistry of the metal ions: hydro-
lysis, complexation, redox and precipitation reactions aswell as the spe-
ciation and the sorption availability of the metal ion [12]. This
significantly influences the sorption process and therefore pH should
be optimized to ensure the best sorption capacity. The effect of pH in
the range of 2 to10 on the sorption of Gd(III) ions by the four selected
sorbent materials (RHA, P, P-SP and P-SG) have been shown in Fig. 15.
It shows that the uptake (mg/g) of the four new prepared sorbent ma-
terials is low at the lower pH values and increased with increasing the
pH for all samples used. This finding may be accounted by the compet-
itive sorption between H+ ions and the Gd(III)ions for the same active
sorption sites. Also at lower pH the surface of the RHA and the prepared
grafted copolymers are slightly positive due to the sorption of H+which
lead to electro repulsion force toward gadolinium ions (Gd(III)) and
consequently decreasing the sorption of Gd(III) ions. As the pH in-
creased, the positive charge at the surface decreased. This leads to the
decrease of electrostatic repulsion between Gd(III) and H+ and conse-
quently the sorption capacities of the prepared sorbentmaterials are in-
creased. The pH values (near pH = 6) are the optimum pH for the
Gd(III) ions sorption. This is because above this pH value, Gd(III) ions
Fig. 14. Effect of shaking time on the sorption of Gd(III) using new prepared sorbents.



Fig. 15. Effect of pH on the sorption of Gd(III) using new prepared sorbents.
Fig. 16. Effect of initial concentration on the uptake of Gd(III) using prepared sorbents.
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start to precipitate. In addition, electrostatic attraction between the
metal ions and the solid surface is increased at this pH value [6].

Table 7 shows that prepared polymer have effective function groups;
amide, sulfonic, silanol and carboxylic that mainly affected on the ad-
sorption process. The reaction mechanism of sorption of Gd(III) on the
prepared sorbentmaterials is expected to be influenced by the presence
of the effective functional groups; (carboxyl, sulfonic, amide, and silanol
groups) since they are responsible for the metal immobilization in the
sorption process [16]. In addition, the presence of silica may create an
easily contact between the adsorbate andmetal ions through the silanol
group. This leads to increase of the surface area and total pores volume
of the sorbent materials. This demonstrates the higher capacity of P-SP
and P-SG than the other polymeric materials which is clear in Fig. 15.

The sorption equilibrium is dependent on the pH because it affects
the dissociation of these groups (pKa of carboxylic groups is about 4.8)
[66], pKa of amide groups is about 13.6 and pKa of sulfonate groups is
about −10 [66]. The extent of the carboxyl group and sulfonate group
dissociation is higher as the value of pH increases, producing more
free sites for Gd(III) ions sorption. The carboxyl groups, sulfonate
groups, amide groups, silanol groups and hydroxyl groups present in
the prepared copolymers (P, P-SP and P-SG) play a very important
Table 7
Structure of the constituents of the new prepared copolymer.

Poly acrylamide Acrylic acid Sodium 4-vinyl 
benzene 

sulphonate

CH2CHCONH2 CH2=CHCO2H C8H7NaO3S

Silica powder Silica gel
role inmetal sorption. They are being responsible for themetal immobi-
lization in the sorption process [67]. Also it is reported that lanthanides
appear to bind specifically to anionic groups in the matrix, possibly to
the negatively charged groups [67]. The obtained results from Fig. 15 in-
dicated that the maximum sorption capacity sequence of Gd(III) ions is
in the order: P-SG N P-SP N P N RHA.

3.3.3. Effect of concentration of Gd(III)
The efficiency of sorption is a function of the initial concentration of

adsorbate. The effect of initial Gd(III) ions concentrations (150–
400 mg l−1) on the sorption capacity of RHA and grafted copolymers
was investigated and the results are shown Fig. 16. When the initial
Gd(III) concentration increased from150 to 400mg l−1, the sorption ca-
pacity increased from 85.52, 106.03, 120.31 and 60.02 mg/g to 124.255,
148.215, 155.15 and 86.125 mg/g for P, P-SP, P-SG and RHA,
respectively.

The result showed that the sorption of Gd(III) is concentration de-
pendent. For fixed sorbent dose the total available sorption sites are lim-
ited thereby adsorbing almost the same amount of the adsorbate [68–
70], results in a decrease in percentage removal of the adsorbate corre-
sponding to an increase in initial sorbate concentration. It can also be
concluded that higher sorption efficiency at low concentration is impor-
tant in terms of industrial application.

3.3.4. Sorption isotherm
Sorption equilibrium is usually described by an isotherm equation

(whose parameters express the surface properties and affinity of the
sorbent) at a fixed temperature and pH. Sorption isotherm describes
the relationship between the amount of adsorbate on the sorbent and
the concentration of dissolved adsorbate in solution at equilibrium
[71]. In this concern, the sorption isotherms for Gd(III) ions onto differ-
ent sorbent materials at room temperature were studied by applying
Langmuir isotherm model, Table 8.

The value of maximum capacity Qmax corresponds to the monolayer
coverage for a specific metal ion. The monolayer capacities are 133.33,
184.84, 206.61 and 229.36 mg/g for RHA, P, P-SP and P-SG, respectively.
The value of RL (separation factor) indicates the type of isotherm to be
Table 8
Langmuir isotherm constants for the sorption of Gd(III) onto the prepared sorbents.

Isotherm
model

Prepared
sorbents

Values for
RHA

Values
for P

Values for
P-SP

Values for
P-SG

Langmuir
constants

Q0 (mg/g)
b (l mg−1)
R2

RL

133.33
0.0173
0.9914
0.1260

184.84
0.043
0.9978
0.0550

206.61
0.0496
0.9998
0.0479

229.36
0.0445
0.9988
0.0532



Table 9
Comparison of qmax of Gd(III) for various sorbents.

Adsorbent qmax,
(mg/g)

References

Amberlite XAD4 4.44 [65]
Poly[Dibenzo-18-Crown-6] 89.9 [66]
MWAR resin 38.4 [67]
Dowex HCR-S/S 66.0 [68]
SBA-15–30%CsMVP 11.76 [69]
By-pass cement 100 [70]
Activated charcoal 114 [71]
1,2-HOPO-SAMMS 80 [72]
Polyethyleneglycol-(phosphomolybdate and tungstate)
heteropolyacid

57 [73]

Rice husk ash (RHA) 133.33 This work
Poly (PAM/AAc/SSS) (P) 184.84 This work
Poly (PAM/AAc/SSS/silica powder) (P-SP) 206.61 This work
Poly (PAM/AAc/SSS/silica gel) (P-SG) 229.36 This work
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irreversible (RL =0), favorable (0 b RL b 1), linear (RL =1), or unfavor-
able (RL N 1). All the RL values in Table 8 were found to be b1 and N0 in-
dicating the favorable sorption process [72–75].

Table 9 represents a comparison of the sorption capacity of RHA, P,
P-SP and P-SG obtained in this study with other adsorbents obtained
in the literature for the sorption of Gd(III). From this table, it is obvious
that our new prepared adsorbents; RHA, P, P-SP and P-SG show higher
adsorption capacity for Gd(III) compared with other different adsor-
bents [75–80].

4. Conclusion

Silica in powder and gel forms has been extracted from rice husk ash
and used for synthesizingdifferent polymericmaterials. Structural char-
acterization of the prepared copolymerswas performed by different an-
alytical tools such as FT-IR, SEM, elemental analysis, swilling ratio, BET-
surface area, thermal analysis (TGA and DTA) and adsorption from
aqueous solution. Elucidation their properties and potential utilization
for removal of organic and inorganic species from aqueous solutions
has been investigated. The results revealed that thesematerials are effi-
cient toward the uptake of methylene blue, P-nitro-phenol and the con-
cerned metal ions n our study; gadolinium. 4.5 h is sufficient as contact
time for adsorption of Gd(III) from aqueous solution of pH=6 to obtain
the maximum capacity from solution of concentration range (50–
400 mg/l) by applying Langmuir isotherm. The maximum capacities
are 133.33, 184.8, 206.61 and 229.36mg/g for RHA, P, P-SP and P-SG, re-
spectively. These values are higher than the other adsorbent used in ad-
sorption of Gd(III) in literature. It can be concluded that the RHA, P
polymer and P-SP and P-SG grafted copolymers are more economic
and efficient for removal of rare earth elements than other adsorbents.
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